Despite significant advances in biology and medicine, the incidence and mortality due to breast cancer worldwide is still unacceptably high. Thus, there is an urgent need to discover new molecular targets. In this article, we show evidence for a novel target in human breast cancer, the tetraspan protein epithelial membrane protein-2 (EMP2). Using tissue tumor arrays, protein expression of EMP2 was measured and found to be minimal in normal mammary tissue, but it was upregulated in 63% of invasive breast cancer tumors and in 73% of triple-negative tumors tested. To test the hypothesis that EMP2 may be a suitable target for therapy, we constructed a fully human immunoglobulin G1 (IgG1) antibody specific for a conserved domain of human and murine EMP2. Treatment of breast cancer cells with the anti-EMP2 IgG1 significantly inhibited EMP2-mediated signaling, blocked FAK/Src signaling, inhibited invasion, and promoted apoptosis in vitro. In both human xenograft and syngeneic metastatic tumor monotherapy models, anti-EMP2 IgG1 retarded tumor growth without detectable systemic toxicity. This antitumor effect was, in part, attributable to a potent antibody-dependent cell-mediated cytotoxicity response as well as direct cytotoxicity induced by the monoclonal antibody. Together, these results identify EMP2 as a novel therapeutic target for invasive breast cancer. Mol Cancer Ther; 13(4); 902-15. Ó2014 AACR.
Introduction
Over the last decade, several advances have been made in the diagnosis and treatment of breast cancer, centered on the expression of specific molecular markers. Breast cancer is now divided into three major subtypes: tumors expressing estrogen receptors (ER) and/or progesterone receptors [PR; commonly referred to as hormone receptor-positive (HR-positive)], ERBB2 [also known as human epidermal receptor 2 (HER2/neu)] amplified, and tumors lacking the expression of ERs and PRs and normal or negative HER2/neu expression termed triple-negative breast cancer (TNBC; refs. [1] [2] [3] [4] . Although this grouping has led to targeted therapies for some subtypes, in particular HR-positive and HER2-positive tumors, breast cancer still remains the most common malignancy and second deadliest among women worldwide (5) . It is currently estimated that up to 30% of women with invasive breast cancer will eventually die from it, necessitating the need to identify new markers for therapy (6) .
Recently, epithelial membrane protein-2 (EMP2) was identified as a novel prognostic indicator in a number of gynecologic cancers (7) (8) (9) . Belonging to the growth arrest specific-3 (GAS3) family of tetraspan proteins, elevated EMP2 levels have been observed in advanced ovarian and endometrial tumors (7, 8) , and its expression inversely correlated with endometrial cancer patient survival (9) . This effect could be recapitulated through xenograft modeling as endometrial tumors where EMP2 expression was increased showed enhanced tumor growth (10) . Furthermore, these tumors showed an addiction to EMP2 expression as they failed to efficiently form when EMP2 levels were suppressed (10, 11) . Although limited information is known about its direct cellular function, previous studies have implicated EMP2 in the activation of focal adhesion kinase (FAK) and Src kinase in a number of cell types (12) (13) (14) (15) . Consistent with this putative mechanism, increased EMP2 levels correlated with an increase in cellular migration as well as neoangiogenesis in a FAK-and Src-dependent manner (10, 11) .
Recent studies examining global gene signatures identified upregulation of EMP2 mRNA in breast cancers, providing the first hint of dysregulated EMP2 expression in this malignancy (16) (17) (18) . These studies suggested that EMP2 message positively correlated with advanced disease as well as identified circulating breast tumor cells (17, 19) . In the present study, we examined the protein expression and frequency of EMP2 in human invasive breast cancers with an emphasis on triple-negative disease. Given its high membrane expression, we hypothesized that EMP2 may serve as novel target for therapy, and consistent with this idea, anti-EMP2 antibody fragments (diabodies) resulted in reduced tumor growth in both endometrial and ovarian cancer models (7, 20) . To further the use of anti-EMP2 therapy, we created a novel fully human anti-EMP2 immunoglobulin G1 (IgG1) antibody and characterized its therapeutic potential. Collectively, our data suggest that anti-EMP2 therapy may be a first-in-class antibody to potentially treat aggressive breast cancers.
Materials and Methods

Tissue microarray
Tumor samples were collected as approved and monitored by the UCLA Institutional Review Board, and appropriate permission has been granted for use of the deidentified clinical data. A breast cancer tissue array (TMA) was constructed using archival breast tissue samples from 212 patients who had breast surgery at the UCLA Medical Center between 1995 and 2000 as previously described (21, 22) . The samples examined were histopathologies from women who underwent surgery for breast cancer. In this study, 74 cases were examined (Supplementary Table S1 ) of which on average, each histopathology was represented by at least three cores. Some cases contained multiple histopathologies. For this study, we focused on the categories of normal glandular/ ductal epithelium (n ¼ 139 spots), ductal hyperplasia (n ¼ 35 spots), ductal carcinoma in situ (DCIS; n ¼ 142 spots), invasive ductal carcinoma (n ¼ 236 spots), and lymph node metastatic lesions (n ¼ 69 spots). The TMA was evaluated for EMP2 expression as described below. A blinded semiquantitative integrated scoring of the intensity and frequency of EMP2 staining was performed by two independent pathologists (R.A. Soslow and Y. Elshimali) as described previously (21, 22 ). The following formula (H score) was used to derive the integrated value:
, where a, b, and c are the percentages of cells staining at intensities 3, 2, and 1, respectively. Statistical analyses have been described previously and are presented below (21, 22) .
Additional TNBC cases
Twenty-three TNBC tumors from an additional 23 individuals were stained for EMP2 as detailed below. Tumors were characterized as (i) no expression/below the level of detection (H score ¼ 0); (ii) weak expression (1 H score > 0); and (iii) strong expression (H score ! 2).
Construction and expression of anti-EMP2 IgG1
We have previously described the construction of anti-EMP2 diabodies KS83 and KS49. For studies described here, we constructed a fully human anti-EMP2 IgG1 antibody. To do this, the diabody variable (V) region sequences of KS49 were obtained by PCR (20) and then cloned into the pCR-II-TOPO vector (Life Technologies). The cloning was confirmed by sequencing.
Variable heavy sequence
The sequence contains a functional signal peptide for proper secretion, and they were inserted into the k light chain and g1 heavy chain IgG1 expression vector using EcoRV and SalI or EcoRV and NheI sites, respectively. These vectors contain the cytomegalovirus promoter (CMV) and have been shown to secrete functional recombinant antibodies in murine myeloma cells (23) . Both expression vectors were provided by Dr. Sheri Morrison (University of California, Los Angeles). The heavy and light chain expression vectors were transfected into CHO-K1 cells as described previously (24) . Cells were then screened by ELISA (described below) using goat antihuman IgG (Life Technologies) and goat anti-human k chain (Sigma-Aldrich). The five highest producing subclones were isolated to use for S-35 biosynthetic antibody labeling and immunoprecipitation with hyperimmune rabbit antihuman IgG (Sigma-Aldrich) and Staph A (IgGSorb; The Enzyme Center), to validate and select the optimal clone. The best producer was expanded into roller bottles to maximize the secretion of antibodies (25) . After 2 to 3 weeks, supernatants were collected and filtered for purification as below.
Supernatants were passed over a 1.5 mL volume FlexColumn (Thermo Fisher Scientific) with 1 mL of protein A-Sepharose (Sigma-Aldrich), and bound proteins were eluted with 2 column volumes of 0.2 mol/L citrate buffer (pH 4.5), 3 column volumes of 0.1 mol/L glycine-HCl (pH 2.5) and 2 column volumes of 0.1 mol/L glycine-HCl (pH 2.0), sequentially. The eluted fractions containing the desired antibodies were dialyzed against PBS with Slide-A-Lyzer Dialysis Cassettes (Thermo Fisher Scientific). The final concentration of purified antibodies was measured with NanoDrop 2000 (Thermo Scientific).
ELISA
Biotinylated 24-amino acid peptides corresponding to the extracellular loop of human EMP2 (20) were coated onto streptavidin-coated 96-well plates (Roche Applied Science). ELISA was performed as described previously (20) . Specifically, bound antibodies were detected with horseradish peroxidase (HRP)-conjugated goat anti-human IgG (Jackson ImmunoResearch) and TMB solution (eBioscience). Absorbance at 450 nm was determined using a microplate reader Model 550 (Bio-Rad).
Flow cytometry
EMP2-positive cells (HEC1a/EMP2, HEC1a, (15) or 4T1 cells) or EMP2-negative cells (EL4 or Ramos) were resuspended at a concentration of 10 6 cells in 1 mL of cold PBS þ 0.2% BSA buffer (flow buffer). The cell suspension was centrifuged for 5 minutes at 500 Âg, at 4 C. Cells were then incubated with 1 mg of recombinant anti-EMP2 IgG1 for 2 hours at 4
C. An IgG specific for the hapten dansyl, 5-dimethylamino naphthalene-1-sulfonyl chloride (DNS) was used as a nontargeted antibody negative control (26) . Cells were washed three times and then incubated for 30 minutes at 4 C with phycoerythrin (PE)-conjugated goat anti-human IgG (Jackson Immunoresearch). Cells were washed and resuspended in flow buffer. 
Immunohistochemistry
Immunohistochemistry (IHC) for human EMP2 expression has been described previously (9) . Briefly, following antigen retrieval, slides were incubated with rabbit anti-human EMP2 antisera (1:400) for 1 hour. In some experiments, the anti-EMP2 IgG1 was used to detect EMP2 in normal and tumor tissue (Supplementary Figure 1) ; a detailed protocol is provided in the Supplementary Material. Samples were then incubated with biotinylated goat anti-rabbit secondary antibody and then streptavidin HRP from the VECTASTAIN Elite ABC Kit (Vector Labs). The antibody was detected using the Vector Labs DAB Substrate Kit (Vector Labs) following the manufacturer's protocol. Negative controls included preimmune serum incubation.
Cell lines and cell culture
Human breast cancer cell lines HS578t, BT-474, SK-BR-3, MCF7, UACC812, BT-20, MDA-MB-231, ZR-75-1, and MDA-MB-468 (American Type Culture Collection, ATCC) were cultivated in Dulbecco's Modified Eagle Medium (DMEM; Mediatech) supplemented with 10% fetal calf serum (FCS; Hyclone Laboratories), 2 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, 100 U/mL penicillin, and 100 U/mL streptomycin (all from Life Technologies). All cell lines were used within 6 months of resuscitation and were characterized by the cell bank. Cells were cultured at 37 C in a humidified 5% CO 2 . 4T1 cells, a spontaneous mammary tumor syngeneic in BALB/c mice, were obtained from ATCC. 4T1 cells were maintained in RPMI medium supplemented as above, and the cells were infected with firefly luciferase (FLUC) by the Jonsson Comprehensive Cancer Center (JCCC) Viral Vector Core Laboratory. In addition, HS578t, MDA-MB-231, MDA-MB-468, and SK-BR-3 sublines were prepared that overexpress EMP2 as previously described (15) . Cell lines bearing an empty expression vector were also produced as described (15) . Cell lines were also prepared with reduced EMP2 expression through stable infection using an EMP2-specific short hairpin RNA (shRNA; TRCN0000322911) in pLKO.1-puro (Sigma-Aldrich). Stably infected breast cancer cells containing a nontargeting shRNA control were also created. Cell lines were used within 6 months after selection. Western blot analysis was used to confirm the EMP2 expression levels in each cell line (see below). Cell lines were passaged in our laboratory for less than 6 months.
Western blot analysis
Preparation of breast cancer cell lines or tissue lysates for Western blotting has been described previously (8) . Cells were lysed in Laemmli buffer and, for EMP2 detection, were treated with N-glycosidase F (New England Biolabs) to remove N-link glycosylation (15) . Proteins were separated using SDS-PAGE, transferred onto nitrocellulose membrane and blocked in 10% nonfat dry milk in TBS-Tween-20 buffer. Blots were probed using rabbit anti-human EMP2 antisera (1:2,000; ref. 27 ). Proteins were then detected by using a HRP-conjugated goat anti-rabbit antibody. As a loading control, b-actin expression was detected using primary monoclonal anti-b actin (Sigma) and secondary HRP-conjugated goat anti-mouse IgG (Amersham). Bands were visualized using ECL detection reagents (Amersham).
In some experiments, MDA-MB-468 cells were treated for 2 hours with 100 mg/mL of anti-EMP2 IgG1 or control IgG. Cells were then plated to activate FAK and Src and then lysed after 12 hours (28, 29) . Separated proteins were probed using anti-576/577p-FAK (Santa Cruz Biotechnology), anti-total FAK (BD Biosciences), anti-416 p-Src (Cell Signaling Technology), anti-total Src (Cell Signaling Technology) or b-actin (SigmaAldrich).
Invasion assays
Of note, 24-well plates with Transwell inserts were used to perform the in vitro cell invasion assays. Equivalent numbers (5 Â 10 3 cells) of MDA-MB-231 breast cancer cells with modified EMP2 levels were added to the top chamber of the Transwell, and complete DMEM was added to the bottom of the well. Cells were allowed to invade for 6 hours at 37 C. The filters were then fixed and stained with 0.1% crystal violet. The invasive cells were visualized using bright-field microscopy. Cells were enumerated by counting four random fields per Transwell. The experiment was repeated three times, with the data averaged. In some experiments, cells were pretreated with anti-EMP2 IgG1 or control antibodies for 2 hours at 4 C.
ADCC assays
Peripheral blood mononuclear cells (PBMC) were isolated from blood using Ficoll-Paque PLUS (GE Healthcare) from 3 volunteers. Blood donors had given informed consent before for obtaining a peripheral venous blood sample for PBMC assays. These experiments were done according to the rules of the Ethical Committee of University of California, Los Angeles. PBMCs were resuspended in DMEM with 10% FCS. SK-BR-3 cells were initially labeled using PKH67 fluorescent dye (SigmaAldrich) and then plated in 6-well plates. Cells were preincubated with anti-EMP2 IgG1 or trastuzumab (anti-HER2/neu; Genentech) as a positive control overnight and then incubated with different ratios of PBMCs for 4 to 8 hours at 37 C. The percentage of cell death was quantitated by propidium iodide staining using a Becton Dickinson FACScan analytic flow cytometer (Becton Dickinson) at the UCLA JCCC and Center for AIDS Research Flow Cytometry core facility. Experiments were performed in duplicates, normalized to an untreated negative control, and then averaged.
Viability assays
Cells (5 Â 10 4 ) were placed in triplicate in a 6-well plate (Becton Dickinson) and incubated with anti-EMP2 diabody KS83 (15, 20) , control diabody A10 (20) , anti-EMP2 IgG1, control IgG (Sigma-Aldrich), or a saline control as indicated in the figure legends for 24 to 96 hours. Cells were then harvested, and the number of viable cells relative to the initial plating (% growth) was determined using a trypan blue exclusion assay. To assess whether resultant cell death was due to apoptosis, cells were harvested and stained with an Annexin V-FITC Detection Kit according to manufacturer's instructions (BD Biosciences). Flow cytometry was performed as above.
To confirm cell viability on a larger panel of cells, the CellTiter-Glo Luminescent Cell Viability Assay (Promega) was performed according to manufacturer instructions. Cells (5 Â 10 3 ) were seeded in 96-well plates and then treated with 0 to 250 mg/mL anti-EMP2 IgG1 or control antibodies for 3 to 5 days. The luminescence was quantitated on a microplate reader (FLUOstar OPTIMA).
Pharmacokinetic analysis
To determine the half-life of the anti-EMP2 IgG1 in mice, pharmacokinetic studies were performed. A detailed protocol is described in the Supplementary Methods.
In vivo toxicity
All mouse experiments were performed under protocols approved by the Chancellor's Animal Research Committee at UCLA, and animals were maintained in accordance with the National Academy of Science Guide for the Care and Use of Laboratory Animals in the Vivarium of UCLA. We tested for potential systemic toxicity by recombinant anti-EMP2 IgG1 in 7-week-old female wild-type (C57BL/6) mice obtained from The Jackson Laboratory. At least three animals per group were injected intraperitoneal (i.p.) every week with 10 mg/kg of anti-EMP2 IgG1 antibody or a control IgG for 7 weeks. In a second experiment, 3 mice per group were treated with sequentially increasing concentrations of antibody beginning at 10 mg/kg, then 20 mg/kg, and finally 40 mg/kg twice a week. Weight was measured every week. At the end of the time course, mice were euthanized by cervical dislocation. Tissues (kidney, liver, spleen, lung, uterus, heart, ovary, and skin) were collected fixed in formalin, processed, embedded in paraffin, sectioned, stained with hematoxylin and eosin, and analyzed for pathologic changes by a pathologist (J. Braun). Complete blood counts and liver enzyme analysis (serum alanine aminotransferase, direct, and total bilirubin) were quantified by the UCLA Medical Center Clinical Laboratories.
Mouse xenograft model
To create tumor xenograft models, 4-to 6-week-old female BALB/c nude mice (Charles River Laboratories) were used for each condition. Briefly, 5 Â 10 6 MDA-MB-468, 2 Â 10 6 MDA-MD-231, or 2 Â 10 7 Ramos cells were suspended in 5% Matrigel (BD Biosciences) and injected subcutaneously (s.c.) into the shoulder of female athymic mice. Tumor volume was calculated with the formula: length Â width 2 /2. When tumors reached 4 mm 3 , they were injected intratumor (i.t.) with 1 mg/kg dose of anti-EMP2 diabody KS83 or control diabody twice a week as described previously (20) . Alternatively, tumors were injected with 3 mg/kg i.t. or between 1 to 10 mg/kg systemically with anti-EMP2 IgG1 or control IgG (Sigma) every week as indicated in the figure legends. At the end of each experiment, tumors were isolated, fixed, and processed for hematoxylin and eosin staining as previously described (9) .
Mouse metastatic model
To create a metastatic model for breast cancer, the spontaneous murine mammary tumor line 4T1 was used. A total of 1 Â 10 4 4T1-FLUC cells were injected into the tail vein of BALB/c mice (Charles River Laboratories), using 9 mice per group. Before treatment, the presence of tumors was validated using bioluminescence. Mice were then treated systemically twice, beginning at day 5, with 10 mg/kg anti-EMP2 IgG1 or control IgG. For bioluminescence imaging, mice received an intraperitoneal injection of 150 mL D-luciferin (30 mg/mL). Fifteen minutes after the injection of D-luciferin, the mice were anesthetized with isoflurane/oxygen and placed on the imaging stage. The bioluminescence signals were monitored using an IVIS-200 (Xenogen Corporation). The data were analyzed using the maximum photon flux emission (photons/second) in the regions of interest. After the final point, mice were euthanized and lungs isolated as above.
Statistical analysis
TMA analyses were performed as previously described (21, (30) (31) (32) (33) using the Mann-Whitney test for two-group comparisons. A P value < 0.05 was considered significant. Differences in in vitro phenotypic changes or in vivo tumor growth were evaluated using a two-tailed Student unpaired t test at a 95% confidence level (GraphPad Prism version 3.0; GraphPad Software). P values < 0.05 were considered significant.
Results
EMP2 is upregulated in breast cancers
Numerous microarray studies have identified EMP2 mRNA as upregulated in breast cancer (18, 34, 35) , and several studies have correlated its expression with advanced disease and metastasis (17, 19) . Supplementary  Table S1 provides a summary of these studies. However, to date, its protein expression has not been determined in breast cancer. Initially, the protein expression of EMP2 was quantitated by Western blot analysis and IHC in a small set of five flash-frozen human invasive ductal carcinoma samples and three samples of normal glandular breast epithelium. As shown in Fig. 1A , expression of EMP2 (18 kD) was elevated in breast cancer samples compared with normal tissue. To extend and validate these findings, the protein localization of EMP2 was assessed using IHC. Within malignant epithelium, EMP2 was predominantly present at the membrane and/or cytoplasm, whereas minimal/undetectable levels were observed in normal epithelium (Fig. 1B) .
We further examined the expression profile of EMP2 in human breast cancer on a population basis using TMA technology. The demographic, clinical, and pathology characteristics are shown in Supplementary Table S2 and have been described previously (30) (31) (32) . Compared with nonmalignant glandular and ductal mammary epithelium, there was a significant increase in EMP2 expression through disease progression. A significant increase in EMP2 expression was observed during stepwise progression of disease from normal to DCIS (P < 0.0001) as well as between invasive carcinoma and lymph node metastasis (P ¼ 0.012; Fig. 1C ). Within these groups, EMP2 expression was detectable in 63% of samples with invasive carcinoma (n ¼ 74) with no correlation observed between EMP2 and hormone status or HER2/neu expression. EMP2 seemingly correlated with tumor progression as EMP2 was expressed in 67% of lymph node metastatic lesions (n ¼ 30) with its expression correlating with lymphovascular invasion (n ¼ 13; P ¼ 0.021).
To further confirm EMP2 protein expression within breast tumors, its expression was determined in a panel of breast cancer cell lines (Fig. 1D) . As EMP2 was readily detectable within TNBC cell lines, its expression in TNBC tumors from the array was further considered. This group was of particular interest as TNBC is characterized by high recurrence, metastasis, and mortality rates (3, 36) . Of the 11 patients with TNBC, 8 (73%) had relatively high expression levels of EMP2 while 3 cases had low or nondetectable levels (not shown). To independently validate the expression of EMP2 in TNBC, we further examined its expression in an additional independent set of 23 cases. Concordant with the TMA, 17 of 23 cases (74%) were positive for EMP2 (H score ! 1; see Supplementary Table S3) .
Construction of the anti-EMP2 IgG1
In prior studies, we demonstrated the efficacy of recombinant anti-EMP2 diabody-mediated therapy in ovarian and endometrial cancers (7, 20) . As EMP2 is widely expressed in breast cancer, we were prompted to assess the utility of targeting EMP2 in this malignancy as well. As diabodies tend to have a short half-life in vivo (T 1/2 ¼ 6 hours; ref. 37), we constructed a fully human anti-EMP2 IgG1 antibody to determine whether we could improve the therapeutic potential of targeting EMP2 using the variable heavy and variable light genes from the anti-EMP2 diabody clone KS49 (20) . Anti-EMP2 IgG1 antibody was validated through sequencing (data not shown) and analyzed by SDS-PAGE under nonreducing and reducing conditions ( Fig. 2A) .
To characterize the specificity of the anti-EMP2 IgG1, its binding to an EMP2 peptide as well as to native protein was measured. Using a human EMP2 peptide, serial dilutions of the native antibody revealed an EC 50 of 10.8 ng/mL (Fig. 2B) . To further determine the binding characteristics of the anti-EMP2 IgG1, its binding to native EMP2 was assessed using flow cytometry. The anti-EMP2 IgG1 recognized both murine EMP2 present on 4T1 cells (Fig. 2C, top) and human EMP2 on the TNBC cell line MDA-MB-231 (Fig. 2C, bottom) . Finally, the sensitivity and specificity of the antibody were confirmed. Anti-EMP2 IgG1 detected a difference in surface expression between HEC-1A wild-type and HEC-1A/EMP2 cells (Fig. 2D, top) , which express a 2-to 4-fold increase in total EMP2 levels (15) . Moreover, the binding of the antibody was specific as it did not bind the EMP2-negative cell line Ramos (Fig. 2D, bottom) .
To further confirm the binding specificity of the anti-EMP2 IgG1, the antibody was biotinylated and tested by IHC on tissue with known EMP2 expression (38) . The anti-EMP2 IgG1 antibody recognized EMP2 on normal lung alveolar cells as well as on breast tumors. This binding was specific as peptide from the second extracellular loop of EMP2 blocked antigen recognition ( Supplementary  Fig. S1 ).
Anti-EMP2 treatment induces cell death in vitro
The therapeutic potential of the anti-EMP2 IgG1 was initially compared with the anti-EMP2 diabody.
ZR-75-1, MDA-MB-468, HS578/V (the HS578t EMP2-negative TNBC cell line bearing an empty expression vector), and HS578t/EMP2 (bearing an EMP2 expression vector; ref. 15) were incubated in vitro with molar equivalent amounts of anti-EMP2 diabody, nonimmune Ctrl diabody, anti-EMP2 IgG1, or a saline control for 72 hours as described previously and monitored for viability (7, 20) . Treatment of ZR-75-1, MDA-MB-468, and HS578/EMP2 cells with either anti-EMP2 diabody or anti-EMP2 IgG1 resulted in approximately 35% to 50% loss of viability compared with the control diabody or saline control (Fig. 3A) . Treatment of HS578/V (EMP2-negative) cells with the anti-EMP2 diabody or anti-EMP2 IgG1 caused no loss in viability, indicating that the effect was dependent on EMP2 expression (Fig. 3A) .
EMP2 expression
To determine the sensitivity of a panel of breast cancer cells to EMP2 treatment, cells were treated with varying concentrations of anti-EMP2 IgG1 or control IgG (Fig. 3B) . A dose-dependent reduction in cell viability was observed after 4 days in SK-BR-3, MDA-MB-231, and MDA-MB-468 cells. The respective sensitivity (IC 50 ) of the cell lines to anti-EMP2 IgG1 ranged from 2 mg/mL to 140 mg/mL for SK-BR-3 and MDA-MB-468, respectively. Importantly, no change in cellular viability was measured in EMP2-negative HS578t cells even at high concentrations of the antibody. As anti-EMP2 IgG1 recognized murine EMP2, we determined if the antibody could elicit a similar response in the 4T1 mouse mammary tumor line. 4T1 cells were susceptible to anti-EMP2 IgG1 with an IC 50 of 108 mg/mL.
To determine if cell death occurred via apoptosis, cells were incubated with anti-EMP2 diabody or IgG1 (or appropriate controls) and then stained for Annexin V and . D, the sensitivity and specificity of the anti-EMP2 IgG1 was determined by flow cytometry. Top, the sensitivity of the anti-EMP2 IgG1 to alternations in EMP2 expression was confirmed using HEC1a/EMP2 to endogenous levels of EMP2 (HEC1a/V). Bottom, the specificity was confirmed using an EMP2-negative cell line, human Ramos lymphoma cells. by propidium iodide. As shown in Fig. 2C , incubation of ZR-75-1 or MDA-MB-468 cells with anti-EMP2 diabody or anti-EMP2 IgG1 induced apoptosis within 48 hours (Fig.  3C) . Such an effect was not seen with the corresponding negative controls.
Anti-EMP2 IgG1 mediates ADCC against breast cancer cells
Although antibody treatment was able to directly induce apoptosis in EMP2-expressing breast cancer cells, we were curious as to whether such treatment might also elicit ADCC. We tested this effect in vitro using freshly isolated PBMCs and incubated them with the HER2-positive SK-BR-3 cell line. As shown in Fig. 3D (top and  bottom) , anti-EMP2 IgG1 treatment elicited a significant increase in cell death compared with the PBMC treatment alone. This ADCC effect was similar to that produced with trastuzumab.
Anti-EMP2 antibodies reduce tumor growth in vivo
To translate our in vitro data, we initially performed pharmacokinetic and toxicity studies to estimate a dosing schedule. Using C57B/6 mice, serum concentrations of trastuzumab and anti-EMP2 IgG1 after a single dose of 10 mg/kg were similar when measured over 1 week. For both antibodies, <5% of the antibody remained in circulation after 7 days (Supplementary Fig. S2 ). We previously have shown that weekly injections of EMP2 diabody demonstrated no detectable systemic toxicity or adverse host effects (7, 20) . Likewise, upon extensive testing with weekly injections of the full-length anti-EMP2 IgG1 in C57B/6 mice (10 mg/kg) for 7 weeks or injections with increasing concentrations of antibody ranging from 10 mg/kg to 40 mg/kg, no indication of systemic or tissuespecific damage or toxicity was observed (Supplementary  Tables 4 and 5 , respectively). Comparison of weight, tissue histology, and pharmacologic parameters revealed no significant differences compared with control antibody treatment.
To determine the effectiveness of anti-EMP2 IgG1 in vivo, two mouse systems, a xenograft model and an orthotopic model of breast cancer metastasis, were used.
Subcutaneous xenograft tumor model
Two triple-negative cell lines were tested for their susceptibility to anti-EMP2 treatment. Initially, we tested a xenograft model involving the triple-negative cell line MDA-MB-468. Cells (2 Â 10 6 ) were injected subcutaneously into nude BALB/c mice, and when tumors reached 4 mm 2 in size, anti-EMP2 diabody (1 mg/kg, twice a week) or the anti-EMP2 IgG1 (3 mg/kg, once a week) was injected directly into xenografts. A negative control diabody or saline was used as control treatments at the same dose and timing of treatment. As shown in Fig. 4A , treatment of tumors with anti-EMP2 diabody or anti-EMP2 IgG1 resulted in significant reduction of tumor growth by day 15 compared with controls. Upon histologic examination, tumors treated with anti-EMP2 diabody or IgG1 had extensive areas of necrosis in contrast with tumors treated with nonimmune reagents (Fig. 4A,  bottom) . To confirm that the ability of anti-EMP2 IgG1 to limit tumor growth was not dependent on localized injection, tumors were created from the MDA-MB-468 cell line as above but treated systemically. Anti-EMP2 IgG1 reduced tumor size (Fig. 4B) with extensive necrosis visible throughout the tumor (Fig. 4B, bottom) .
We also examined the efficacy of anti-EMP2 IgG1 treatment on larger tumors ($200 mm 3 ) derived from another TNBC cell line, MDA-MB-231. Treatment with anti-EMP2 IgG1 significantly reduced tumor load by 50% compared with control IgG treatment (Fig. 4C) with tumors exhibiting pronounced necrosis (Fig. 4C, bottom) . To validate that the effects of the anti-EMP2 IgG1 treatment were dependent on EMP2 expression, xenografts were created from the EMP2-negative B lymphoma cell line Ramos. Injection of anti-EMP2 IgG1 or control IgG1 showed no difference in tumor load (Fig. 4D ) or in tumor histology (Fig. 4D, bottom ).
Metastastic tumor model
Ninety percent of cancer-related mortality is caused by metastases formed by disseminated primary tumor cells at distant anatomic sites (39) . Previous studies have suggested that EMP2 expression promotes FAK and Src activation, resulting in an increase in cellular migration and invasion (11) . To validate that a similar effect occurs in breast cancer, MDA-MB-231 breast cancer cells were engineered to overexpress EMP2 or express a shRNA vector to knockdown expression. Similar to that observed in other models, EMP2 expression augmented cell migration, whereas shRNA knockdown reduced this effect (Fig.  5A ). To correlate this change in migration with FAK and Src activation, a panel of breast cancer cells was tested for FAK and Src activation 24 hours after plating. Consistent with effects seen in endometrial cancer, upregulation of EMP2 promoted a significant increase in the activation of FAK and Src while the reciprocal effects were observed when EMP2 expression was reduced (Fig. 5B) .
To determine whether EMP2 antibodies inhibit migration in vitro, MDA-MB-231 cells were treated with nontoxic doses of anti-EMP2 diabody or IgG1 with their appropriate antibody controls. Two-hour treatment with either anti-EMP2 diabody or IgG1 inhibited Transwell migration compared with the controls (Fig. 5C ). When the mechanism behind this action was investigated, we observed that anti-EMP2 diabody or IgG1 significantly reduced Src phosphorylation (Fig. 5D) . A modest reduction in FAK phosphorylation was also observed, but this effect was not significant (data not shown).
To determine the putative efficacy of anti-EMP2 IgG1 on metastatic tumors in vivo, 4T1/Fluc cells were injected intravenously into immunocompetent, syngeneic BALB/c hosts. Consistent with previous reports, these cells rapidly seed within the lungs, creating a model of late-stage metastatic disease (39, 40) . Starting at day 5 post cell injection, mice were treated systemically twice with 10 mg/kg, and at day 18, all mice were euthanized for further analyses. Biophotonic imaging of the animals before antibody treatment and after treatment reveal that anti-EMP2 IgG1 treatment slowed tumor growth with 6 of 8 (75%) mice following anti-EMP2 IgG1 treatment showing an exponential decrease in tumor load by imaging ( and B). When tumors were removed and evaluated by IHC, all mice treated with anti-EMP2 IgG1 showed an increase in necrosis throughout the tumor (Fig. 6C) . Importantly, the normal mouse lung parenchyma and stroma showed no pathology due to anti-EMP2 IgG1 therapy.
Discussion
In this study, we examined the expression levels of EMP2 in breast cancer and found that it was expressed in 63% of invasive ductal carcinomas tested with low to minimal expression in normal mammary glandular and Equivalent numbers of cells were plated into Transwells and enumerated after 6 hours. The experiment was repeated three times and the results were averaged. Ã , P < 0.05 as determined by the Student unpaired t test. B, MDA-MB-231, MDA-MB-468, and SK-BR-3 cells were engineered to overexpress or reduce EMP2 expression as above. Cells were plated for 12 hours and FAK and Src activation were assessed by Western blot analysis. n ¼ 3; Ã , P < 0.05, Student unpaired t test. C, 60 mg/mL anti-EMP2 IgG1 or control IgG or 20 mg/mL anti-EMP2 or control diabody were added to MDA-MB-468 cells for 1 hour. The number of cells that migrated through the Transwell was measured. Top, cells were visualized using crystal violet. Bottom, averaged number of migrated cells from three experiments. D, 60 mg/mL anti-EMP2 IgG1 or control IgG was added to MDA-MB-468 cells for 1 hour. Alternatively, 20 mg/mL anti-EMP2 or control diabody were added. Cells were then plated for 12 hours and lysed. Proteins were separated by SDS-PAGE and probed using the indicated antibodies. The experiment was repeated three times, and representative image is shown. Bottom, activated pSRC expression from three experiments was quantified using ImageJ, and the data were normalized relative to total Src levels. Treatment with anti-EMP2 IgG1 or anti-EMP2 diabody significantly reduced pSRC expression. Values are averages (AESEM). ductal cells. Of significance, greater than 70% of TNBC cases from two independent cohorts of patients expressed EMP2. This is of particular interest, given that TNBC, although accounting for 20% to 30% of all breast cancer cases, is associated with high mortality rates as these patients show a high recurrence of residual disease within 3 years (41). Moreover, high EMP2 expression was observed in lymph node metastatic lesions. Given that an estimated 90% of deaths due to breast cancer are a consequence of metastatic disease, the identification of a new molecular target to specifically target these types of tumors is of high importance. Importantly, our results are concordant with several studies showing that EMP2 mRNA is upregulated in breast cancer and that its expression correlates with advanced and metastatic disease. Thus, its expression profile and localization on the plasma membrane make EMP2 an attractive target for passive immunotherapy with recombinant monoclonal antibodies.
Of note, treatment of proliferating EMP2-expressing malignant cells with anti-EMP2 IgG1 promoted cell death with resultant reductions in tumor load in both human xenograft and murine metastatic models. Our results suggest that anti-EMP2 IgG1 elicits cell death both directly as well as through an ADCC response. Although the exact mechanism for direct cytotoxicity is still being elucidated, the known cell biology of EMP2 may provide insight. Previous studies have shown that EMP2 associates with and regulates the localization and activity of select integrin pairs (15, 42) , and it has been shown to promote the phosphorylation of both FAK and Src in a number of normal and malignant cells (11, 12) .
Start of treatment
In this study, we show that in breast cancer, EMP2 levels correlate with FAK and Src activation and promote invasion in vitro, and treatment with anti-EMP2 diabody or IgG1 reduces phosphorylation of Src within 12 hours of administration. This may be important as groups have linked Src activation to breast cancer survival, metastasis, as well as trastuzumab resistance (43) (44) (45) . Correspondingly, several groups have shown that a reduction in Src leads to programmed cell death in breast cancer (46) . Hence, the reduction in Src activation by anti-EMP2 IgG1 may provide a plausible explanation for the cell death elicited by the antibody. The anti-EMP2 IgG1 cross-reacts with human and murine EMP2, and we have previously shown using normal human tissue arrays and murine sections that both species have a similar tissue distribution (38) . Although EMP2 is not ubiquitously expressed, it is present in a number of discrete locations in mice and humans such as normal lung type 1 pneumocytes (47), the retinal pigmented epithelium of the eye (28) , and secretory epithelium of the endometrium (9) . Nevertheless, in healthy mice injected with 10 mg/kg every week of anti-EMP2 IgG1 for up to 2 months showed no obvious adverse effects as gaged by animal weight and health, tissue histology, and the release of liver serum proteins. Moreover, treatment of up to 40 mg/kg also did not elicit any measurable toxicity. Indeed, to date, we have found no evidence of toxicity following chronic systemic treatment with anti-EMP2 IgG1 in vivo.
Over the last 2 decades, the use of monoclonal antibodies for cancer therapy has achieved considerable success. In breast cancer, trastuzumab has changed the standard-of-care for women with cancers overexpressing HER2/neu, and remains one of the few U.S. Food and Drug Administration (FDA)-approved options for women with metastatic breast cancer (48, 49) . Our findings offer proof-of-concept for the use of anti-EMP2 IgG1 as an effective therapy for breast cancer. Although anti-EMP2 IgG1 reduced tumor load between 50% and 80% in all three breast cancer models tested in vivo, we recognize that like all targeted therapies, anti-EMP2 IgG1 may need to be used in combination with other drugs. Although we are currently investigating the best combinations of drugs to pair with anti-EMP2 IgG1, studies suggest that its mRNA expression in breast cancer is retained following standard chemotherapy (19) . Thus, the biologic properties and expression profile of EMP2, elucidated by the preclinical studies presented previously and here, suggest that this fully human, full-length antibody has the potential to be a first-in-class, effective therapeutic for the treatment of EMP2-dependent cancers.
Conclusions
These results present compelling evidence that EMP2 is highly expressed in TNBC as well as in other breast cancer variants. Antibodies and antibody fragments to EMP2 reduce tumor load in animal models, suggesting that EMP2 is a novel therapeutic target in TNBC and other forms of breast cancer. 
